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NOTE: Where an appropriate time limit under 37 C.F.R. 1.494 or 1.495 has not been met, a petition to revive (37 C.F.R. 1.137(a) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Patent Application of / 

RITCHIE, A. et al. Atty. Ref.: 124-910 

Serial No. unknown Group: 

Filed: December 5, 2001 Examiner: 

For: PROCESS FOR PRODUCING A LITHIUM TRANSITION METAL SULPHIDE 

December 5, 2001 

Assistant Commissioner for Patents 
Washington, DC 20231 

Sir: 

PRELIMINARY AMENDMENT 

In order to place the above-identified application in better condition for 
examination, please amend the application as follows: 
IN THE SPECIFICATION 

Please substitute the following paragraphs in the specification for corresponding 
paragraphs previously presented. A copy of the amended specification paragraphs 
showing current revisions is attached. 

IN THE CLAIMS 

Please substitute the following amended claims for corresponding claims 
previously presented. A copy of the amended claims showing current revisions is 
attached. 
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IN THE SPECIFICATION 

Page 1, before the first line, insert as a separate paragraph: 
This application is the U.S. national phase of international application 
PCT/GB00/02179 filed June 5, 2000, which designated the U.S.. 

IN THE CLAIMS 

4. A process according to claim 1 further comprising the step of recovering sulphur 
from the product. 

7. A lithium transition metal sulphide obtainable by a process according to claim 1. 
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REMARKS 



Attached hereto is a marked-up version of the changes made to the specification 
and claims by the current amendment. The attached page(s) is captioned " Version With 
Markings To Show Changes Made ." 
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1 100 North Glebe Road, 8th Floor 
Arlington, VA 22201-4714 
Telephone: (703) 816-4000 
Facsimile: (703)816-4100 



Respectfully submitted, 



NIXON & VANDERHYE P.C. 




Arthur R/Crawford 
Reg. No. 25,327 



RITCHIE, A. et al — % 



• 



Serial No. unknown 

VERSION WITH MARKINGS TO SHOW CHANGES MADE 

IN THE SPECIFICATION 

Page 1, before the first line, insert as a separate paragraph: 

This ap plication is the U.S. national phase of international application 
PCT/GBQQ/02179 filed June 5, 2000, which designated the U.S.. 

IN THE CLAIMS 

4. A process according to any one ofc4he-preceding claims JLfurther comprising the 
step of recovering sulphur from the product. 

7. A lithium transition metal sulphide obtainable by a process according to my-em 




-claims-JL 



_4_ 



582314 



WO 00/78673 




• 09/980711 

I^PCT/PTO 12 DEC 2001 



1 



PCTVGB00/02179 



PROCESS FOR PRODUCING A LITHIUM TRANSITION METAL SULPHIDE 

The present invention relates to processes for the production of sulphides, in 
particular lithium transition metal sulphides useful in the production of batteries, and 
to the use of molten sulphur as a solvent in such processes. 

In the 1980's, there was extensive research into lithium metal rechargeable 
batteries, particularly using sulphides, but also selenides, as cathode materials. Many 
lithium metal / molybdenum disulphide (Li/MoS 2 ) batteries were produced but these 
were withdrawn following an incident in which a fire was attributed to the malfunction 
of such a battery. Other sulphides, such as iron disulphide FeS 2 , titanium disulphide 
TiS 2 and selenides, such as niobium triselenide NbSe 3 have also been particularly 
investigated as alternative cathode materials. 

Although the use of lithium metal rechargeable batteries is now limited for 
reasons of safety, they are still used in the laboratory testing of materials. Lithium 
metal primary batteries using iron disulphide cathodes are manufactured. 

Virtually all modern lithium rechargeable batteries are of the lithium - ion type, 
in which the negative electrode (anode) comprises lithium absorbed into a carbon 
support. These use a lithium containing cathode material, which is usually lithium 
cobalt oxide LiCo0 2 although lithium nickel oxide LiNi0 2 , lithium manganese oxide 
LiMn 2 0 4 and mixed oxides are also known to have been used. 

Due to their high cost, the use of lithium rechargeable batteries at present is 
mainly limited to premium applications, such as portable computers or telephones. To 
gain access to wider markets, for example in applications such as the powering of 
electric vehicles, the cost must be reduced. Hence there is a strong demand for the 
high performance obtainable from lithium - ion batteries at much more economical 
prices. 

On first inspection, the use of sulphides as cathode materials is not as 
attractive as the use of oxides. This is because the voltage achievable from sulphides 
is generally only about half of that achievable using corresponding oxides. However, 
the capacity of batteries incorporating sulphide based cathodes, measured in ampere 
hours per gram of material, is about 3 times greater than corresponding batteries 
incorporating oxide based cathodes. This leads to an overall advantage of about 1.5 
times in terms of cathode energy density for batteries with sulphide based cathodes. 
A further advantage is that iron sulphides, in particular ferrous sulphide (FeS), are 
inexpensive materials which may be dug out of the ground as natural occurring 
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minerals. By contrast, lithium cobalt oxide is an expensive material, due mainly to the 
high cost of cobalt metal. 

Binary transition metal sulphides are however not suitable for direct use in 
lithium - ion cells as they do not contain lithium. Lithium transition metal ternary 
5 sulphides, such as lithium molybdenum sulphide, lithium titanium sulphide, lithium 
niobium sulphide and lithium iron sulphide have been suggested as electrode 
materials for batteries (see for example, Japanese Kokai No 10208782 and Solid 
State Ionics 117 (1999) 273 - 276). The conventional synthesis of lithium iron 
sulphide is via a solid state reaction in which lithium sulphide, Li 2 S, and ferrous 
10 sulphide, FeS, are intimately mixed together and heated under an inert atmosphere 
at a temperature of ca. 800°C. The reaction is diffusion controlled and the kinetics are 
slow. Consequently, the reaction can take up to 1 month at temperature to reach 
completion. This is highly inconvenient and is costly in terms of energy input. The 
economics of this synthesis for battery production are dearly unfavourable. 
15 On a laboratory scale, lithium iron sulphide can be made by an electrochemical 

synthesis route in which a lithium metal / iron disulphide cell is discharged, and the 
lithium metal is removed and replaced by a carbon anode. This process however, is 
not amenable to scaling up. A further laboratory synthesis of lithium iron sulphide is 
the solid state reaction of lithium nitride, Li 3 N, with iron disulphide, FeS 2 , but again, 
20 this method is unsuitable for large scale use because of the high cost and shock 
sensitivity of lithium nitride. 

The applicants have developed an economical synthesis which can be 
operated on a large scale to produce sulphides, or mixtures of sulphides, which have 
useful electrochemical properties. 
25 In accordance with the present invention a process for the production of a 

lithium transition metal sulphide comprises reacting a transition metal sulphide with 
lithium sulphide in a solvent comprising molten sulphur. 

Suitably the transition metal sulphide used in the process is an iron, 
molybdenum, niobium or titanium sulphide and is preferably an iron sulphide. Ferrous 
30 sulphide, FeS is an inexpensive and readily available naturally occurring mineral. 

Preferably the reaction is carried out at a temperature of between 95.5°C and 
444°C. This is sufficient to melt the sulphur in order to allow it to act as solvent. 

The reaction proceeds more rapidly than previously known processes. On a 
laboratory scale, the reaction can be completed in a few hours, with the actual 
35 reaction time dependent largely on the heating time of the furnace. 
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Although lithium sulphide may be bought commercially, for large scale 
production it is more economical to produce lithium sulphide via the reduction of 
lithium sulphate. One convenient method is to heat lithium sulphate above its melting 
point of 860°C in the presence of carbon. Other standard reduction methods may 
5 equally be used, as well known in the art. 

The sulphur used as the solvent is inexpensive, but it is preferably recovered 
from the product and reused. This may be achieved by dissolving it out of the product 
using a solvent. A suitable solvent is carbon disulphide, which can also be recovered 
and recycled if desired. Alternatively, sulphur can be removed by vapourisation, for 
10 example by heating the product/sulphur mixture above the boiling point of sulphur; 
which is 444°C at atmospheric pressure. A temperature in the region of 500°C is 
suitable. 

Lithium transition metal sulphides obtained by the above described process 
form a further aspect of the invention. These may comprise a single lithium transition 

15 metal sulphide phase or a mixture of lithium transition metal sulphide phases and are 
useful in the production of electrodes for use in batteries. In particular, they are useful 
in the production of electrodes for rechargeable batteries. These electrodes form the 
cathode, and suitable anodes are lithium ion anodes as are known in the art. Suitable 
electrolytes are also well known and include mixtures of inorganic carbonates, for 

20 example ethylene carbonate, propylene carbonate, diethyl or dimethyl carbonates, 
ethyl methyl carbonate together with a lithium salt, usually lithium 
hexafluorophosphate, LiPF 6 , or lithium trifluoromethane sulphonate ('triflates'), 
LiCF 3 S0 3 or lithium tetrafluoroborate, LiBF 4 . 



25 therefore this forms a further aspect of the invention. As described above, it is 

particularly suitable for use as a solvent in chemical reactions used in the production 

of sulphides, such as lithium transition metal sulphides. 

The invention will now be particularly described by way of example only with 

reference to the accompanying diagrammatic drawing, Figure 1 , which shows the 
30 charge/discharge (cycling} curve of a battery containing a cathode prepared using the 

material obtained by the process of the invention. 

Example 

Synthesis of lithium iron sulphide 
35 Equimolar amounts of lithium sulphide, Li 2 S, and ferrous sulphide, FeS, were 

intimately mixed with an excess of sulphur. This mixture was put into a tube furnace 



Molten sulphur is not a conventional solvent in a chemical reaction, and 
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and heated to a temperature of 150°C under an inert atmosphere of argon. The 
furnace was held at this temperature for about an hour after which time the 
temperature was increased to 500°C in order to remove the excess sulphur by 
vapourisation. After cooling, the product was removed from the furnace and stored in 
5 an inert atmosphere glove box, to avoid reaction with moisture in air. 

The product was analysed using X - ray powder diffraction which showed that 
the main phases present were lithium iron sulphides of various compositions, 
Li 3 Fe 2 S 4 , Li7,Fe 2 S 6 and Li 2 FeS 2 , with a small amount of iron disulphide (pyrites), FeS 2 . 
This material was then tested for use in laboratory ceils as described previously in A. 

10 Gilmour, C. O. Giwa, J. C. Lee and A. G. Ritchie, Lithium Rechargeable Envelope 
Cells, Journal of Power Sources, volume 65, pp 219 - 224(1997), Power Sources 16. 
The lithium iron sulphide was made into a battery cathode by preparing a slurry of it 
with a binder, ethylene propylene-diene monomer (EPDM) dissolved in cyclohexane 
together with a conductive additive of carbon. This slurry was then coated onto a 

1 5 support using a doctor blade coating technique to form a cathode. 

The cathode was electrically cycled against an anode of graphite using an 
electrolyte of ethylene carbonate/diethylcarbonate/ lithium hexafluorophosphate, 
LiPF 6 . Charge/discharge (cycling) curves are illustrated in Figure 1 . This shows that 
the product could be charged and discharged using standard conditions. 
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CLAIMS 



1. A process for producing a lithium transition metal sulphide, the process 
5 comprising reacting a transition metal sulphide with lithium sulphide in a solvent 

comprising molten sulphur. 

2. A process according to claim 1 ; wherein the transition metal sulphide is an iron, 
molybdenum or titanium sulphide. 



3. A process according to ciaim 2; wherein the transition metal sulphide is an iron 



4. A process according to any one of the preceding claims further comprising the 
1 5 step of recovering sulphur from the product. 

5. A process according to claim 4; wherein the sulphur is recovered by dissolution 
in a solvent. 

20 6. A process according to claim 4; wherein the sulphur is recovered by 
vapourisation. 

7. A lithium transition metal sulphide obtainable by a process according to any 
one of the preceding claims. 



8. A battery comprising an electrode containing a lithium transition metal sulphide 
according to claim 7. 

9. The use of molten sulphur as a solvent in a chemical reaction for the production 
30 of a sulphide. 



10 



sulphide. 



25 



1 0. The use according to ciaim 9; wherein the sulphide is a lithium transition metal 
sulphide. 
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SUBSTITUTE SHEET (RULE 26) 



Nixon & Vanderhye P.C. (12/95) 

RULE 63 (37 C.F.R. 1.63) 
DECLARATION AND POWER OF ATTORNEY 
FOR PATENT APPLICATION 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

As a below named inventor, I hereby declare that my residence, post office address and citizenship are as stated below next to my name, and I believe 
I am the original, first and sole inventor (if only one name is listed below) or an original, first and joint inventor (if plural names are listed below) of the 
subject matter which is claimed and for which a patent is sought on the invention entitled: 

PROCESS FOR PRODUCING A LITHIUM TRANSITION METAL SULPHIDE 

the specification of which (check applicable box(s)): 

□ is attached hereto 

□ was filed on as U.S. Application Serial No Atty Dkt No. P2355/USW 

[X] was filed as PCT International application No. PCT/G BOO/02 179 on 05-Jun-2000 

and (if applicable to U.S or PCT application) was amended on 



I hereby state that I have reviewed and understand the contents of the above identified specification, including the claims, as amended by any 
amendment referred to above. I acknowledge the duty to disclose information which is material to the patentability of this application in accordance with 
37 C.F.R. 1 .56. I hereby claim foreign priority benefits under 35 U.S.C. 1 1 9/365 of any foreign application(s) for patent or inventor's certificate listed 
below and have also identified below any foreign application for patent or inventor's certificate having a filing date before that of the application on which 
priority is claimed or, if no priority is claimed, before the filing date of this application: 
Priority Foreign Application(s): 

Application Number Country Day/Month/Year Filed 

9914041.0 GB 17-Jun-1999 

I .jjej-eby claim the benefit under 35 U.S.C. §1 1 9(e) of any United States provisional application(s) listed below. 
Apjlication Number Date/Month/Year Filed 



I iiereby claim the benefit under 35 U.S.C. 120/365 of all prior United States and PCT international applications listed above or below and, insofar as the 
stibject matter of each of the claims of this application is not disclosed in such prior applications in the manner provided by the first paragraph of 35 
UjUfC. 112, I acknowledge the duty to disclose material information as defined in 37 C.F.R. 1.56 which occurred between the filing date of the prior 
applications and the national or PCT international filing date of this application: 

pM>r U.S./PCT Application(s): Status: patented 

Application Serial No. Day/Month/Year Filed pending, abandoned 

P*CT/GB00/02179 05-Jun-2000 PENDING 

I fl^reby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are believed to 
be true; and further that these statements were made with the knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. And I hereby appoint NIXON & VANDERHYE P.C, 1100 North Glebe Rd., 8 th FlQAC.^Ijngton.jyA 
^ 22^01 -471 4, telephone number (703) 816-4000 (to whom all communications are to be directed), and the following attorneys thereof (of the same 
^ aggress) individually and collectively my attorneys to prosecute this application and to transact all business in the Patent and Trademark Office 

Connected therewith and with the resulting patent: Arthur R. Crawford^J^SZ?; Larry S. Nixon ; J5S40; Robert A Vanderhye , 2707 6; James T. Hosmer, 
3_01§i Robert W. Fans, 31352 ; Richard G. Besha. 22770 : Mark E Nusbaum, 32348; Michaei J. Keenan._3.2126; Bryan H. Davidson, 3J2251; Stanley C. 
Spooner,_2Z3il3; Leonard C. Mitchard. 29009 : Duane M. Byers, 33363; Jeffry H. Nelson . 3048.1 : John R. Lastova,_33Ji£; H. Warren Burnam, Jr..^9J66; 
Thomas E. ByrneJ522jQ5, Mary J. Wilson, 32955: J. Scott Davidson, Alan M. Kagen, 36178; William J. Griffin, 3126.0 : Robert A. Molan v 29834; 
B. J. Sadoff, 36663 ; James D. Berquist, 34776; Updeep S. Gill . 37334 : Michael J Shea^M^; Donald L. Jackson, 4_iQ90;.Michelle N. Lester ,_32331 .* 

1. Inventor's Signature: %^(JL^~ Date: IS^^S^-^ °£>c( 

\*~CiD Inventor: Andrew _ G _ RITGHjE_ British 

1 (first) Ml (last) (citizenship) 

Jjampshirp - CrP> K (state/country) _GB 

QinetiQ Haslar, ES Building, Room F11, Gosport, Hampshire 



(Zip Code) PQ12 2AG 



/^jC^l^ Date . \.?/,,/c/ 



Residence: (city) Hampshire (state/country) GB 

Post Office Address: QinetiQ Haslar, ES Building, Room F11, Gosport, Hampshire 



British 
(citizenship) 



(Zip Code) 



FOR ADDITIONAL INVENTORS, check box □ and attach sheet with same information and signature and date for each. 
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